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Site-specific phosphorylation of PSD-95
dynamically regulates the postsynaptic
density as observed by phase separation

Maria Vistrup-Parry,1 Xudong Chen,2 Thea L. Johansen,1 Sofie Bach,1 Sara C. Buch-Larsen,3

Christian R.O. Bartling,1 Chenxue Ma,2 Louise S. Clemmensen,1,5 Michael L. Nielsen,3 Mingjie Zhang,2,4

and Kristian Strømgaard1,6,*

SUMMARY

Postsynaptic density protein 95 is a key scaffolding protein in the postsynaptic
density of excitatory glutamatergic neurons, organizing signaling complexes pri-
marily via its three PSD-95/Discs-large/Zona occludens domains. PSD-95 is regu-
lated by phosphorylation, but technical challenges have limited studies of the
molecular details. Here, we genetically introduced site-specific phosphorylations
in single, tandem, and full-length PSD-95 and generated a total of 11 phosphory-
lated protein variants. We examined how these phosphorylations affected bind-
ing to known interaction partners and the impact on phase separation of PSD-95
complexes and identified two new phosphorylation sites with opposing effects.
Phosphorylation of Ser78 inhibited phase separationwith the glutamate receptor
subunit GluN2B and the auxiliary protein stargazin, whereas phosphorylation of
Ser116 induced phase separation with stargazin only. Thus, by genetically
introducing phosphoserine site-specifically and exploring the impact on phase
separation, we have provided new insights into the regulation of PSD-95 by phos-
phorylation and the dynamics of the PSD.

INTRODUCTION

The postsynaptic density protein 95 (PSD-95) is one of the most abundant proteins in the postsynaptic

density (PSD) of excitatory glutamatergic neurons (Zhu et al., 2016). PSD-95 interacts with receptors, ion

channels, and intracellular proteins, thereby organizing signaling complexes critical for synaptic

development and transmission (Feng and Zhang, 2009; Kim and Sheng, 2004). At the plasma

membrane, PSD-95 interacts with the glutamate receptor subtypes a-amino-hydroxy-5-methyl-4-isoxa-

zolepropionic acid (AMPA) receptor through its auxiliary subunit stargazin (Stg) (Chen et al., 2000;

El-Husseini et al., 2000; Nicoll et al., 2006) and directly with the C-terminal of the N-methyl-D-aspartate

(NMDA) receptor (Niethammer et al., 1996; Kornau et al., 1995), among others. Furthermore, it interacts

with components of the PSD and signaling proteins such as neuronal nitric oxide synthase (nNOS)

(Aarts et al., 2002; Pedersen et al., 2014; Sattler et al., 1999). PSD-95 has been implicated in postsyn-

aptic development, as it is one of the first proteins to cluster at synapses (Funke et al., 2005; Rao

et al., 1998). Moreover, mutations in PSD-95 have been identified as associated with diseases such

as stroke, as well as with intellectual disability, autism spectrum disorder, and schizophrenia (Coley

and Gao, 2018; Volk et al., 2015).

PSD-95 belongs to the family of membrane-associated guanylate kinase (MAGUK) proteins and con-

tains three PSD-95/Discs-large/Zona occludens (PDZ) domains along with a Src Homology 3 (SH3)

and a guanylate kinase (GK) domain (Figure 1A) (Chen et al., 2015). PDZ domains are one of the largest

classes of protein-protein interaction (PPI) modules, and the vast majority of PSD-95 mediated interac-

tions are attributed to the three PDZ domains (Lee and Zheng, 2010; Ye and Zhang, 2013). PDZ domains

are comprised of approximately 90 amino acids arranged in a specific globular fold (Doyle et al., 1996),

and more than 250 human proteins have been acknowledged to contain PDZ domains (Ye and Zhang,

2013). In the canonical binding mode, PDZ domains bind the extreme carboxy-terminal of the protein

interaction partner (Chi et al., 2012; Doyle et al., 1996; Kim et al., 1995), characterized by the consensus
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sequence S/T-X-F-OH, where X is any amino acid and F is a hydrophobic amino acid. Some PDZ do-

mains although confer noncanonical binding of internal peptide motifs (Harris et al., 2001).

PPIs generally play essential roles in all aspects of cellular function by mediating signal transduction and

metabolism, and because of many diseases being linked to malfunctioning signaling, PPIs have been

explored as drug targets. In particular, the PDZ-mediated interactions between PSD-95, NMDA receptors,

and nNOS have been explored in the treatment of ischemic stroke, and two inhibitors of PSD-95, NA-1 (ner-

inetide) and AVLX-144, are currently in different stages of clinical trials (Bach et al., 2012; Hill et al., 2012).

The PSD was first visualized by electron microscopy (EM) as an electron-dense thickening below the plasma

membrane (Gray, 1959). Since, the organization of the PSD has been shown to constitute multiple proteins

in addition to PSD-95, which anchors proteins in the plasma membrane to the cytoskeleton (Chen et al.,

2011; Sheng and Hoogenraad, 2007; Sheng and Kim, 2011). The dynamics of the PSD have been chal-

lenging to study, as the PSD is a protein-rich membrane-less compartment that assembles and disassem-

bles continuously (Hyman et al., 2014; Zeng et al., 2016). Furthermore, synapses are dynamic and plastic,

and hence, the morphology of two neighboring synapses can differ significantly (Nishiyama and Yasuda,

2015; Zeng et al., 2018a). However, recently the PSD was reconstituted and subsequently studied using

liquid-liquid phase separation (LLPS) (Zeng et al., 2018a). Here, the reconstituted PSD, consisting of

PSD-95, guanylate kinase-associated protein (GKAP), SH3 and multiple ankyrin repeat domain protein

(Shank), and Homer protein homolog 3 (Homer3), was able to cluster subunits of the NMDA receptor,

enrich synaptic enzymes, and promote actin bundle formation. Hence this model system proved to be a

highly promising approach for studying the interactions of the PSD (Zeng et al., 2018a).

A

CB

Figure 1. Site-specific phosphorylation of PSD-95

(A) The organization of the five domains in PSD-95 (PDZ1-3, SH3, and GK). The Ser residues attempted phosphorylated in this study are highlighted by a

phosphorylation icon. Using the software Ranch, a model of PSD-95 was generated using known structural domains of PSD-95 connected via a fully flexible

linker (PDZ1-2, PDB: 3GSL [Sainlos et al., 2011]; PDZ3, PDB: 5JXB [Zeng et al., 2016]; SH3-GK, PDB: 1KJW [McGee et al., 2001]).

(B) Histogram depicting all sites attempted phosphorylated and the yield (mg/L) of purification for purified proteins for all three protein forms. Proteins

that did not express are indicated by *, proteins that expressed but have not been purified by **, and proteins with low expression and attempted

purified with ***.

(C) Coomassie stained gel of all purified pSer protein variants loaded alongside a protein ladder.
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PSD-95 is vastly regulated by phosphorylation, thereby affecting synaptic activity (Gardoni et al., 2006; Val-

lejo et al., 2016). The first PDZ domain (PDZ1) of PSD-95 contains six Ser residues, and as Ser is the most

prevalent acceptor residue of protein phosphorylation, multiple of these residues have been identified

by mass spectrometry (MS)-based approaches to be phosphorylated (Ballif et al., 2008; Xue et al., 2008).

Among these, Ser73 has been shown to be phosphorylated by CaMKIIa (Gardoni et al., 2006). Phosphor-

ylation of PSD-95 has also been studied by employing kinases capable of phosphorylating PSD-95 and sub-

sequently identifyingmodified sites (Chetkovich et al., 2002; Du et al., 2009; Morabito et al., 2004); however,

this approach has restricted site specificity and requires prior knowledge of the implicated kinases. We

have previously introduced site-specific phosphorylations in single PDZ domains of PSD-95 by semisyn-

thetic strategies and studied the effect by biochemical binding assays to a large library of C-terminal pep-

tide interaction partners (Pedersen et al., 2017). This demonstrated how specific phosphorylations

fine-tune regulation of interactions with the NMDA receptor and Stg. However, limitations of the semisyn-

thetic approach prevented the exploration of the effect of phosphorylation on interdomain interactions

found in the full-length (FL) of PSD-95. Recently, we showed that the tandem PDZ1-2 of PSD-95 was neces-

sary for phase separation with Stg, as single PDZ domains alone did not phase separate with Stg (Zeng

et al., 2019); this illustrates the importance of interdomain interactions in the molecular mechanisms of

PSD proteins.

The ability to site-specifically phosphorylate Ser residues genetically by amber codon suppression has pro-

vided the necessary means for studying phosphorylation of larger proteins (Rogerson et al., 2015; Xie and

Schultz, 2005). Here, we use amber codon suppression to site-specifically phosphorylate multiple Ser res-

idues in PSD-95. We show that we can site-specifically phosphorylate multiple positions in single (PDZ1),

tandem (PDZ1-2), and FL PSD-95, also revealing that some sites are more prone to amber codon suppres-

sion than others with differences found on both site and protein level. We furthermore study the effect of

phosphorylation on the dynamics of the PSD, both by biochemical binding assays and by LLPS. In the latter,

we show that the interdomain interactions of FL PSD-95 affect the phase separation with protein ligands.

This supports the importance of studying FL proteins in contrast to single domains, as the contribution of

multivalent interactions is acknowledged. By combining genetically encoded site-specific phosphoryla-

tions with phase separation studies, we provided a novel way to study the effect of phosphorylation on

the dynamics of the PSD.

RESULTS

Site-specific phosphorylation of PSD-95

To explore the feasibility of genetically introducing phosphoserine (pSer) in PSD-95, we first aimed to intro-

duce pSer at all six Ser positions of PDZ1 in the PDZ1 single and PDZ1-2 tandem proteins of PSD-95 (Fig-

ure 1A). To do this, Escherichia coli BL21DserB cells were co-transformed with the previously described sin-

gle high-copy plasmid pKW2 EF-Sep (Rogerson et al., 2015) and plasmids carrying the protein coding

sequences containing an amber (TAG) codon at the desired positions (Table S1). The pKW2 EF-Sep

plasmid contains the optimized aminoacyl tRNA synthetase and tRNA pair SepRS(2)/pSer tRNA(B4)CUA
specific for pSer incorporation and orthogonal to the endogenous synthetase and tRNA pairs of E coli,

which are responsible for incorporating the remaining natural amino acids into the proteins. The plasmid

furthermore contains the elongation factor (EF)-Sep optimized for pSer incorporation (Park et al., 2011;

Rogerson et al., 2015). The E coli used for protein expression, BL21DserB, lack phosphoserine phospha-

tase, preventing cleavage of the introduced phosphorylated amino acid while also maintaining an intracel-

lular pool of pSer (Park et al., 2011). For the incorporation, 1 mM pSer was added to the media, and upon

induction with 0.5 mM isopropyl b-D-1-thiogalactopyranoside (IPTG), phosphorylated variants of PDZ1 and

PDZ1-2 were expressed and pSer introduced at the desired positions in response to the TAG codons.

We successfully introduced pSer at four different positions in PDZ1 and PDZ1-2 (Figures 1B and 1C). Ser73

and Ser78 were site-specifically phosphorylated in both PDZ1 and PDZ1-2 and the proteins purified in high

yields (Figure 1B). Interestingly, two positions were only successfully phosphorylated in either one of the

two protein variants, Ser142 in PDZ1 and Ser116 in PDZ1-2, respectively. PDZ1 pSer116 expressed as insol-

uble protein in inclusion bodies and purification resulted in low yield and purity, where a mixture of both

WT and pSer mass was observed, thus the protein variant was excluded from further studies. Moreover,

phosphorylation of Ser93 and Ser131 was not achieved in neither PDZ1 nor PDZ1-2.
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The positions in PDZ1 that were successfully phosphorylated in the PDZ1 and PDZ1-2 protein variants were

then attempted phosphorylated in FL PSD-95 (amino acids 60-724), from here on termed PSD-95. Here,

amber codon suppression of all four positions (Ser73, Ser78, Ser116, and Ser142) resulted in expression

of phosphorylated protein, albeit in lower yields (Figure 1B). PSD-95 was furthermore phosphorylated in

position Ser295, which is located in the linker region between PDZ2 and PDZ3 (Figure 1A). The expression

efficiency was very low, which resulted in a yield of less than 1 mg protein per liter expression culture (mg/L)

(Figure 1B). Furthermore, poor efficiency of amber codon suppression at positions Ser425 and Ser561 in

PSD-95 was observed, and the proteins were not purified (Figure 1B). Two positions in PDZ2 of the tandem

PDZ1-2 were successfully suppressed and phosphorylated, Ser173 and Ser217, but not pursued further.

The yield of the phosphorylated protein variants of PDZ1, PDZ1-2, and PSD-95 decreased with protein size,

which aligned with the observed expressions, and purification of PDZ1 WT resulted in 5-fold higher yield

than PSD-95 WT (Figure 1B). A total of 14 protein variants of PDZ1, PDZ1-2, and PSD-95 were generated,

11 of these phosphorylated at five different positions (Figure 1C).

Characterization of protein variants and identification of interesting sites

The secondary structure of the proteins was evaluated by circular dichroism (CD) and the introduced phos-

phorylations were found not to affect the secondary structure (Figure 2A). Moreover, protein phosphory-

lation did not affect the stability of the protein variants, as measured by assessing the thermal denaturation

of the proteins (Figure S1).

To examine the influence of the site-specific phosphorylations on binding to known interaction partners

and ligands, we measured the binding affinity of PDZ1-2 and PSD-95 protein variants to the fluorescently

labeled dimeric peptide inhibitor AVLX-144 (Bach et al., 2012) by fluorescence polarization (FP). In a con-

centration dependent manner, ligand saturation with protein was measured and binding constants (Kd)

calculated (Figure 2B). Both protein variants bound the dimeric peptide inhibitor with nanomolar affinities

(Table S2). All phosphorylations were observed to decrease the binding affinity to AVLX-144, and interest-

ingly, both protein variants phosphorylated on Ser78 did not bind to AVLX-144. Ser78 is located in the

carboxylate binding site of the PDZ1 domain (Figure 2C), which can explain the dramatic effect on peptide

binding. Ser116 is located in the acidic surface of the PDZ1 domain, and phosphorylation of this site also

resulted in reduced binding affinity of AVLX-144.

Identification of site-specific phosphorylations

The insertion of pSer was characterized as amass change of 80 Dalton (Da) corresponding to the phosphate

group and determined by liquid chromatography-mass spectrometry (LC-MS) (Figures 3 and S2–S4;

Data S1). The introduction of the site-specific phosphorylations was verified by LC-coupled tandem MS

(LC-MS/MS) (Figures 3 and S2–S4; Data S1). The proteins were purified to greater than 90%, as determined

by reverse phase ultra-performance liquid chromatography (UPLC) (Figures S2–S4), and cleaved by enzy-

matic digestion in order to simplify fractionation, ionization, and fragmentation. By tandem-MS, the incor-

poration of pSer at all positions except pSer295 in PSD-95 was confirmed with high localization probabil-

ities (>0.9), which is of great importance for the study of the effect of site-specific phosphorylation and

validates the approach (Figures 3 and S2–S4; Table 1; Data S1). The sites furthermore displayed high inten-

sities and delta scores, demonstrating that they were the most confident identifications in the individual

samples (Table 1). Altogether, this validates the approach of genetic incorporation of pSer into PSD-95.

Effect of phosphorylation of Ser78 and Ser116 on binding to stargazin and GluN2B

To further evaluate the effect of phosphorylation, all pSer variants were analyzed for the binding to ligands

by isothermal titration calorimetry (ITC) and FP assays. Through its interactions with the C-terminal of sub-

units of the NMDA receptor and Stg, the auxiliary subunit of the AMPA receptor, PSD-95 regulates the two

most prevalent ionotropic glutamate receptors (iGluRs) at the PSD, and these interactions were the primary

interactions of interest.

The effect of phosphorylation on the binding to a Stg protein ligand was measured by ITC for all protein

variants. Here, the entire C-terminal tail of Stg including the PDZ-binding motif (PBM) (amino acids

203D-323 V) was employed as the protein ligand, which all proteins were observed to bind with micromolar

affinities (Figures 4A, 4B, and S5). The binding affinity increased with protein size, and PSD-95 WT was

observed to bind the Stg protein ligand with an affinity of 1.2 mM. This was almost a 100-fold higher
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than the observed 100-mM binding affinity of PDZ1 WT to the Stg protein ligand (Figures 4B and S5A) and

10-fold higher than PDZ1-2 WT, which bound with an affinity of 12 mM (Figures 4A and 4B). PDZ1WT bound

the Stg protein ligand with very low affinity, and the variant phosphorylated on Ser78 was observed not to

bind (Figure S5A). However, phosphorylation of Ser78 in PDZ1-2 and PSD-95 did not result in the same

change of binding affinity (Figures 4A and 4B), which can be explained by an earlier finding that the Stg

tail does not bind to the canonical target recognition groove of PDZ1 in the Stg/PDZ1-2 or Stg/PSD-95

complexes (Zeng et al., 2019). Furthermore, the binding was then found to be a single site binding. Phos-

phorylation of Ser116 in both PDZ1-2 and PSD-95 slightly enhanced binding to the Stg protein ligand, seen

as change in the binding slope and thereby had the opposite effect as seen for phosphorylation of Ser78 in

PDZ1 (Figures 4A, 4B, and S5A). Phosphorylation of Ser73 and Ser142 in PDZ1 enhanced the weak binding

to the Stg protein ligand (Figure S5A), and phosphorylation of Ser73 in PDZ1-2 negatively affected binding

(Figure S5B). Phosphorylation of Ser73 and Ser142 in PSD-95 did not alter the binding affinity to the Stg

protein ligand (Figure S5C).

The effect on ligand binding was also measured by FP using C-terminal TAMRA-labeled peptide ligands,

representing different protein interaction partners (Pedersen et al., 2017). A total of five peptide ligands

A

C

B

Figure 2. Characterization protein variants and identification of interesting sites

(A) CD spectra for all purified protein variants of PDZ1, PDZ1-2, and PSD-95. Three accumulated spectra were measured at 25�C from 260 to 190 nm and the

molar ellipticity calculated.

(B) Protein variants of PDZ1-2 and PSD-95 were tested for binding to peptide inhibitor AVLX-144 in an FP saturation assay. Here, 10 nM of Cy5-labeled AVLX-

144 was saturated with protein in a concentration-dependent manner with a maximum concentration of 250 nM protein. The milli-polarization (mP) was

measured for all concentrations in triplicates, background fluorescence subtracted, and the data fitted to a one-sided binding model from which Kd values

were calculated. Data are represented as mean G SEM.

(C) Illustration of PSD-95 and its five domains with the sequence of PDZ1 highlighted (sequence from UniProtKB P78352, DLG4_HUMAN). Here, the two

phosphorylation sites, Ser78 and Ser116, are illustrated and the GLGF repeat underlined.
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were employed and tested for binding to specific phosphorylated protein variants (Table S3). All proteins

bound the peptide ligands with micromolar affinities, and the affinity increased with protein size (Table S4),

as was also observed by ITC. PDZ1 WT was observed to bind GluN2B with an affinity of Kd = 12.4 mM; how-

ever, phosphorylation of Ser78 disrupted this binding (Figure S6A). Likewise, PDZ1 WT bound to the Stg

peptide ligand with an affinity of 27.3 mM, but phosphorylation of Ser78 disrupted this binding (Figure S6A).

Phosphorylation of Ser78 in PDZ1-2 and PSD-95 did, however, not display the same dramatic effect on

binding to both GluN2B and Stg peptide ligands (Figures 4C and 4D). PDZ1-2 and PSD-95 WT proteins

A

DC

B

Figure 3. Identification of site-specific phosphorylations

(A) PDZ1-2 pSer78 protein variant. LC-MS spectrum and mass derived from the deconvoluted spectrum of the purified PDZ1-2 pSer78 protein variant. The

observed pSer mass is highlighted in color. The expected mass for the PDZ1-2 pSer protein variant was 21,004 Da. Below the spectra is the identified

phosphorylated peptide from the LC-MS/MS analysis of the purified protein. The annotated spectrum is found in Figure S3C.

(B) PSD-95 pSer78 protein variant. LC-MS spectrum and mass derived from the deconvoluted spectrum of the purified PSD-95 pSer78 protein variant. The

observed pSer mass is highlighted in color. The expected mass for the PSD-95 pSer protein variant was 75,349 Da. Below the spectra is the identified

phosphorylated peptide from the LC-MS/MS analysis of the purified protein. The annotated spectrum is found in Figure S4C.

(C) PDZ1-2 pSer116 protein variant. The annotated spectrum is found in Figure S3D.

(D) PSD-95 pSer116 protein variant. The annotated spectrum is found in Figure S4D.

ll
OPEN ACCESS

6 iScience 24, 103268, November 19, 2021

iScience
Article



boundGluN2Bwith almost equally high affinities of 1.9 mMand 1.2 mM, respectively, but phosphorylation of

Ser78 in both proteins did not affect this binding (Figures 4C and 4D; Table S4). Both PDZ1-2 and PSD-95

WT were also observed to bind the Stg peptide ligand with high affinities of 7.5 mM and 2.7 mM, respec-

tively, and here, phosphorylation of Ser78 negatively affected the binding, however not significantly (Fig-

ures 4C and 4D; Table S4). Phosphorylation of Ser116 in PDZ1-2 was observed to slightly enhance binding

to the Stg peptide ligand, which was also observed by ITC with the Stg protein ligand (Figure 4C; Table S4).

Phosphorylation of Ser116 in PSD-95 slightly decreased binding to the Stg peptide, albeit not significantly

(Figure 4D; Table S4). An overall clear tendency was seen, although not observed for all three protein var-

iants (single, tandem, and FL PSD-95) across both assays; namely binding to GluN2B and Stg was affected

by phosphorylation of Ser78 and Ser116, negatively and positively, respectively.

Phosphorylation of Ser73 in PDZ1 negatively affected binding to both GluN2A and GluN2B subunits of the

NMDA receptor (Figure S6A), as previously observed (Pedersen et al., 2017). The effect was not as signif-

icant for phosphorylation of the same site in the tandem or PSD-95 protein variants (Figures S6B and S6C).

Phosphorylation of Ser142 in PDZ1 and PSD-95 did not affect binding to the C-terminal peptides represent-

ing the Kv1.4 or Kv1.7 potassium channels (Figures S6A and S6C).

Interestingly, increased binding affinities of ligands were observed with an increase in protein size, which

could be a result of multiple factors including the multivalent binding nature of the protein in contrast to

particularly the single PDZ domain. The PDZ3-SH3-GK module of PSD-95 functions as another binding site

for ligands, and in addition, the FL of PSD-95 can experience target-binding-induced multimerization in

contrast to single PDZ domains, which could increase the avidity of the binding (Zeng et al., 2018b). Alto-

gether this could lead to weaker phenotypes for the phosphorylated FL PSD-95 protein variants relative to

the single domain variants, observed as a less impact of phosphorylation on measured binding affinities.

Effect of phosphorylation on phase separation with GluN2B and stargazin

Wehave previously shown that the tandem domain of PSD-95 is necessary for the phase separation with Stg

protein, as the single domain alone did not phase separate (Zeng et al., 2019). To test if the introduced

phosphorylations in PDZ1-2 and PSD-95 also affected the phase separation with both GluN2B and Stg pro-

tein ligands, sedimentation-based experiments were used to assess the formation of condensates. The

protein ligands were mixed individually with the phosphorylated protein variants and the ratio of protein

in the aqueous (supernatant) and condensed (pellet) phases analyzed by gel electrophoresis.

Both PDZ1-2 and PSD-95 were observed to form condensates via LLPS with GluN2B at 10 and 5 mM, respec-

tively (Figures 5A and S6D). Phosphorylation of Ser78 in PDZ1-2 was observed to inhibit phase separation

with GluN2B, as less protein was seen in the condensate in comparison to phase separation with the WT

protein variant. Interestingly, measured by FP, phosphorylation of Ser78 in PDZ1-2 did not affect binding

Table 1. LC-MS/MS derived data values for all protein variants

Protein Site Localization probability Intensity Score Delta score

PDZ1 pSer73 0.9991 6.4E+10 253.00 239.41

pSer78 1 3.2E+10 238.46 225.97

pSer142 1 1.7 E+10 257.76 240.35

PDZ1-2 pSer73 0.9998 1.5E+10 320.75 306.10

pSer78 1 1.7E+10 228.38 214.61

pSer116 1 4.1E+09 196.08 178.01

PSD-95 pSer73 1 1.2E+10 261.51 246.59

pSer78 1 1.3E+10 229.6 213.36

pSer116 1 2.8E+10 206.71 189.43

pSer142 1 1.6E+10 161.55 141.73

pSer295 NA NA NA NA

For each protein variant of PDZ1, PDZ1-2, and PSD-95, the localization probability, summed intensity, averaged score, and

delta score are listed.

ll
OPEN ACCESS

iScience 24, 103268, November 19, 2021 7

iScience
Article



to GluN2B peptide (Figure 4C), but the effect on phase separation with the protein ligand was clearly

noticeable. The same inhibitory effect was observed by ITC and FP for PDZ1 pSer78, but as single domains

do not phase separate, this was not evaluated. Neither phosphorylation of Ser116 in PDZ1-2 nor phosphor-

ylation of Ser73, Ser142, and Ser295 in PSD-95 had an effect on phase separation with GluN2B (Figures 5A

and S6D).

Phase separation of both PDZ1-2 and PSD-95 with Stg protein was also observed (Figures 5A, 5B, and S6E),

and phosphorylation of Ser78 in PDZ1-2 also clearly inhibited the formation of condensates with the Stg

protein. The effect was less significant for PSD-95 pSer78, but more PSD-95 pSer78 and Stg protein was

observed in the aqueous phase, indicating inhibition of condensate formation. On the contrary, phosphor-

ylation of Ser116 in PDZ1-2 promoted phase separation with Stg protein. None of the remaining sites re-

sulted in altered formation of condensates via LLPS; this supports what was also observed by both ITC and

FP assays (Figures 4, S5, and S6).

We also observed LLPS of PSD-95 and Stg protein under light microscopy (Figure 5C). Differential interfer-

ence contrast (DIC) images revealed numerous spherical-shaped and micron-sized droplets of PSD-95 WT

and Stg protein, and fluorescence images showed that the droplets were enriched with Stg protein. Ser78

phosphorylation in PSD-95 was observed to inhibit the formation of lipid-droplets, as also seen by sedi-

mentation assays. Phosphorylation of Ser116 was in contrast observed to promote concentration of protein

A

DC

B

Figure 4. Effect of phosphorylation of Ser78 and Ser116 on binding to stargazin and GluN2B

(A) ITC-based measurements of the PBM and C-terminal of stargazin (Stg) protein binding to PDZ1-2 WT, pSer78, and pSer116. 250-mM Stg was titrated into

25-mM PDZ1-2 in the cell, and binding constants (Kd) were calculated.

(B) ITC-based measurements of the PBM and C-terminal of stargazin (Stg) protein binding to PSD-95 WT, pSer78, and pSer116. 250-mM Stg was titrated into

10-mM PSD-95 in the cell, and binding constants (Kd) were calculated.

(C) PDZ1-2 binding to GluN2B and stargazin peptide ligands measured in a saturation FP assay. Here, 200 nM of the TAMRA-labeled C-terminal peptide

ligand was saturated with protein in a concentration-dependent manner with a maximum concentration of 200 mMprotein, if possible. ThemPwasmeasured

for all concentrations in triplicates, background fluorescence subtracted, and the data fitted to a one-sided binding model from which the Kd values were

calculated. The Kd values are listed in Table S5 and highlighted Ser78 (*) and Ser116 (*). Data are represented as mean G SEM.

(D) PSD-95 binding to GluN2B and stargazin peptide ligands measured in a saturation FP assay. The conditions described in (C) were used, and the Kd values

are listed in Table S5.
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in the condensed phase, which was not clearly visible in the sedimentation assays for PSD-95 but is sup-

ported by the sedimentation results for PDZ1-2. Quantification done by measuring the average droplet

size and number of droplets also showed that the introduced phosphorylations in PSD-95 affected the

phase separation with the Stg protein ligand (Figure 5D), with pSer78 negatively affecting both the droplet

size and number and pSer116 increasing the droplet number.

DISCUSSION

PSD-95 is one of the most abundant proteins of the PSD and orchestrates signaling of particularly the

AMPA and NMDA receptors through interactions finetuned by posttranslational modifications (PTMs),

such as phosphorylation. The interactions are primarily mediated by the three PDZ domains of PSD-95,

A

D
C

B

Figure 5. Effect of phosphorylation on phase separation with GluN2B and stargazin

(A) PDZ1-2 (10 mM) was mixed with GluN2B protein (10 mM) (left) and stargazin (Stg) protein (right), equilibrium reached,

and the mixture spun down. Hereafter, the supernatant (S) and resuspended pellet (P) was loaded on a gel, which was

Coomassie stained to visualize the protein bands. Bands corresponding to PDZ1-2, GluN2B, and Stg are indicated by an

arrow. For sedimentation assays with PDZ1-2, 10-mM PDZ1-2 and 10-mM GluN2B were used, and 75 mM PDZ1-2 protein

and 75 mM Stg protein ligand.

(B) PSD-95 was mixed with stargazin (Stg) protein, equilibrium reached, and the mixture spun down. Hereafter, the

supernatant (S) and resuspended pellet (P) was loaded on a gel, which was Coomassie stained to visualize the protein

bands. Bands corresponding to PSD-95 and stargazin are indicated by an arrow. For sedimentation assays with PSD-95,

5-mM pSer78 and pSer116 protein and 12.5-mM Stg protein were used.

(C) DIC (top) and fluorescence (bottom) images showing the phase separation of PSD-95 WT, pSer78, and pSer116 (5 mM)

with Stg protein (12.5 mM). For the fluorescence images Stg protein was labeled with Alexa Fluor 488. Scale bar represents

50 mM.

(D) Quantification of imaging data presented in (C); droplet size (top) and Stg protein enrichment in the droplets

presented as droplet number (bottom).
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and due to the multivalent binding mode of PSD-95, the interactions are highly complex. The effect of site-

specific phosphorylation on the complex interactions are however largely unknown, and here we aimed to

evaluate this by combining biochemical binding assays with phase separation studies of genetically phos-

phorylated protein variants of PSD-95.

Here, we generated 11 site-specifically Ser phosphorylated protein variants of PSD-95 using amber codon sup-

pression and found that the introduced phosphorylations did not affect the protein fold (Figures 1 and 2A). We

have previously site-specifically phosphorylated single PDZ domains of PSD-95 using a semi-synthetic approach

(Pedersen et al., 2017) but here Ser residues in the single, tandem, andPSD-95werephosphorylated in both high

yields and purity; this indicated the strength of the approach for generation ofmany phosphorylated protein var-

iants.Withambercodonsuppression, theoretically all Ser residues canbephosphorylated (Rogersonetal., 2015),

butweobserveddifferential suppressiondependingon the siteof introduction (Figure1B). Twopositions inPDZ1

of the single and tandemprotein variants were not successfully suppressed (Ser93 and Ser131), and furthermore,

two positions were only successfully phosphorylated in either one of the variants (Ser116 and Ser142). Interest-

ingly, all attempted positions phosphorylated in PDZ1 of PSD-95 were however successfully suppressed. Site-

dependable suppression of amber codons is a common challenge in the field of genetic incorporation of

nonnatural amino acids and canbe the result of various factors (Chin, 2017). The sequence context of the inserted

amber codoncanaffect the suppressionefficiencywithnucleotidesbothupstreamanddownstreamof theamber

codon potentially limiting the suppression efficiency (Schwark et al., 2018; Xu et al., 2016). The localization of the

amber codon within a protein as well as the stability of the expressed protein can furthermore affect the expres-

sion of noncanonical amino-acid-containing proteins, affecting the protein yield (Zhu et al., 2019). In contrast to

the naturalmechanism forpost-translationalmodificationof aprotein, expressionofphosphorylatedproteins us-

ing amber codon suppression requires the protein to fold with the inserted phosphorylation, which potentially

could also affect the expression efficiency. These challenges can be addressed by exploring the usage of other

bacterial strains, where e.g., amber stop codons have been recoded and release factor (RF) proteins have been

deleted (Heinemann et al., 2012; Lajoie et al., 2013; Mukai et al., 2015), to increase the expression of phosphor-

ylated protein. Many of these strains have however suffered from low fidelity, with a high insertion of canonical

amino acids in response to the amber codon, slow growth rates, and an unhealthy metabolism. Various systems

have furthermore been developed for pSer insertion in both proteins (Lee et al., 2013; Pirman et al., 2015) and

peptides (Barber et al., 2018) and could be evaluated to determine the cause for the differential site suppression

seen here; this has beendone recently using a further developedpSer system in a healthyRF-deficient strain (Zhu

et al., 2019). As we only saw the differential site-dependence for the single and tandemdomains, the differential

suppression could however indicate that other factors such as stability or functionality of the modified protein

affected the outcome. Furthermore, approaches for the genetic introduction of pTyr (Hoppmann et al., 2017;

Luo et al., 2017) and pThr (Zhang et al., 2017) have been developed. As PSD-95 is also regulated by phosphory-

lation of Tyr (Zhang et al., 2011) and Thr (Nelson et al., 2013) residues, evaluating the feasibility of these ap-

proaches and their phosphorylation effect could be interesting.

All phosphorylated proteins were purified in high purity, albeit the yields decreased with increased protein size

(Figure 1B). The genetic insertion of pSer is a means of competition between the natural translation machinery,

reading the amber codon as a stop codon, and the orthogonal, reading the amber codon for pSer insertion, and

the expression of truncated protein product is therefore evident as a factor affecting the overall protein yield

(Chin, 2017). Expression of truncated product was seen for all sites attempted suppressed in the PSD-95 protein

variant, and the expression of truncated protein products were greater for positions 295, 425, and 561. These

were therefore either purified in very low yield or not at all. The truncated products of the single and tandem

domains were undetectable due to their small size not being visible by SDS-PAGE, and the expression of trun-

cated product could therefore not be evaluated for these protein variants. It is hence unclear if the lower yield of

PSD-95 protein in contrast to the single and tandem domains was primarily due to loss of protein during puri-

fication or also differential expression efficiency with lower expression of PSD-95 phosphorylated protein. The

site-specific phosphorylations were verified using tandem-MS, with all sites showing both high localization prob-

abilities and intensities (Figures 3 and S2–S4; Table 1). The results highly correlated with the expression and pu-

rification results, as the PSD-95 pSer295 protein variant, which was insufficiently suppressed, wasmore difficult to

detect by tandem-MS; this suggested that better and more accurate phosphorylation was achieved with high

suppression efficiency.

When evaluating the effect of the site-specific phosphorylations by ITC and FP assays, as well as phase sep-

aration, a clear tendency was seen (Figures 4 and 5). Here we observed an increased binding affinity for
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both peptide and protein ligands with an increase in the size of the protein variants, with highest affinity for

PSD-95, then PDZ1-2 and lowest for PDZ1, albeit this was also accompanied by a weaker phenotype of the

introduced phosphorylations. PSD-95 protein variants were found to bind ligands, both peptides and pro-

teins, with up to 10-fold higher affinity than PDZ1 variants, but the effect of phosphorylation of the multi-

valent PSD-95 was less pronounced than phosphorylation of the single PDZ1 domain. Phosphorylation

of Ser78 in the PDZ1 protein variant resulted in no binding of Stg or GluN2B ligands, both peptides and

proteins. Observed by biochemical binding assays, this effect was less significant for phosphorylation of

the same site in both the PDZ1-2 and PSD-95 protein variants. The effect was more pronounced when

observed by phase separation, especially for PDZ1-2, where the results also strongly indicated that phos-

phorylation of Ser116 promoted phase separation with Stg only, functionally contrary to phosphorylation of

Ser78. Altogether, the results of the different assays supported each other and showed an interesting dif-

ferential effect of phosphorylation of Ser78 and Ser116.

The increased binding affinity and less significant effect of phosphorylation of PSD-95 in contrast to PDZ1

could be attributed to the compensatory mechanisms of the additional protein domains as well as the

multivalent binding mode of PSD-95 (Zeng et al., 2019). The multimerization capabilities of PSD-95 could

likely have contributed to the increased binding affinity that we observed and resulted in the introduced

phosphorylations having a minor effect on the interaction with the various binding partners but were how-

ever also driving forces for the formation of LLPS condensates. The ability of proteins to phase separate and

the threshold for phase separation relies on multiple factors including the domain valency and intrinsically

disordered regions in the protein sequence (Banani et al., 2017; Chen et al., 2020; Li et al., 2020). Multiva-

lency drives LLPS and increased network valency tends to enhance phase separation (Li et al., 2012).

Despite clear formation of condensates, the lower threshold for phase separation of PDZ1-2 protein vari-

ants with the two ligands could therefore explain the very visible effect of phosphorylation. Likewise, the

added valency from the additional domains in PSD-95 could explain lack of a clear observable effect of

phosphorylation of the multidomain protein.

Previous studies have shown that Stg uses its entire C-terminal (amino acids 203-323) including the PBM to

bind to PSD-95 via specific andmultivalent interactions, which also governs the phase separation with PSD-

95 (Zeng et al., 2019). Namely, the disordered Arg-rich C-terminal has been found to bind PDZ1, and the

PBM preferably binds to PDZ2 of PSD-95, with the Arg-rich region being highly important for LLPS. This

multivalent nature of the Stg/PSD-95-complex could also explain the less visible effect of Ser78 phosphor-

ylation of both the PDZ1-2 tandem domain and PSD-95 in contrast to phosphorylation of the same position

in PDZ1, as the interaction would have an increased affinity and shield the effect of the introduced phos-

phorylation. This would explain the dramatic effect of phosphorylation of Ser78 in PDZ1 but could be

further investigated. Likewise, the interaction between PDZ1 and the Arg-rich C-terminal of Stg is governed

by the negatively charged surface of PDZ1 (Zeng et al., 2019), and as Ser116 is near this surface, phosphor-

ylation would increase the negative charges and promote interaction.

Interestingly, our results identify two novel phosphorylation sites in PDZ1 of PSD-95, namely Ser78 and

Ser116, with opposing effects on ligand binding and phase separation. Phosphorylation of Ser78 inhibited

binding of both GluN2B and Stg, whereas phosphorylation of Ser116 promoted binding with Stg only,

which could indicate importance in receptor distribution, removal and accumulation, and thereby synaptic

transmission. To verify the possible biological importance, the functionality of these phosphorylations

could be further investigated by introducing nonbinding mutations or genetically encoding a nonhydrolyz-

able analogue for cellular studies.

Overall, the data presented proved the feasibility of amber codon suppression for genetic introduction of

site-specific phosphorylations in three different protein variants of PSD-95 and, in combination with both

biochemical assays and phase separation, was found to be a good approach for the identification of novel

phosphorylations sites.

Limitations of the study

The study demonstrated the genetic introduction of pSer residues into three different protein variants of

PSD-95 and, using biochemical assays and phase separation, found two sites to affect the dynamics of the

PSD. The production of proteins with genetically introduced pSer residues is difficult and exhibits chal-

lenges both on the site level, e.g., the sequence context of the amber codon, and the protein level,
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e.g., stability of the expressed protein, potentially resulting in low amounts of purified protein or no yield

for some. This is thus a limitation of the project, as additional replications for quantification of some exper-

iments as well as conducting 2D phase diagrams of the phase separation assays were not possible. The pre-

sented results show an effect of phosphorylation of Ser78 and Ser116 on the phase separation with GluN2B

and Stg, which could be quantified and further explored by cellular assays if more protein was available.

Furthermore, the two phosphorylations have not previously been identified, thus warranting further

studies, where additional cell-based experiments are performed.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

E.coli BL21 competent cells (DE3, pLysS) Invitrogen #C606003

E.coli BL21DSerB cells Addgene #34929

E.coli BL21 cells Invitrogen #C600003

Chemicals, peptides, and recombinant proteins

Isopropyl b-D-1-thiogalactopyranoside (IPTG) VWR #437145X

O-phospho-L-serine Sigma #P0878

Recombinant protein: PDZ1 6xHis and mutants (pSer73, pSer78, pSer142) This paper N/A

Recombinant protein: PDZ1-2 6xHis and mutants (pSer73, pSer78, pSer116) This paper N/A

Recombinant protein: PSD-95 6xHis and mutants (pSer73, pSer78, pSer116,

pSer142, pSer295)

This paper N/A

Recombinant protein: Stg CT WT (Zeng et al., 2019) N/A

Recombinant protein: GluN2B WT This paper N/A

AVLX-144 (Bach et al., 2012) N/A

Peptide ligand: GluN2A (TAMRA-NNG-KKMPSIESDV) (Pedersen et al., 2017) N/A

Peptide ligand: GluN2B (TAMRA-NNG-YEKLSSIESDV) (Pedersen et al., 2017) N/A

Peptide ligand: Stargazin (TAMRA-NNG-NTANRRTTPV) (Pedersen et al., 2017) N/A

Peptide ligand: Kv1.4 (TAMRA-NNG-SNAKAVETDV) (Pedersen et al., 2017) N/A

Peptide ligand: Kv1.7 (TAMRA-NNG-PAGKHMVTEV) (Pedersen et al., 2017) N/A

Alexa fluor 488 succinimidyl ester ThermoFisher #A20000

Lysyl endopeptidase (Lys-C) Wako Chemicals #129-02541

Trypsin, proteomics grade Sigma Aldrich #T6567

Deposited data

PDZ1-2 (PDB: 3GSL) (Sainlos et al., 2011) 3GSL

PDZ3 (PDB: 5JXB) (Zeng et al., 2016) 5JXB

SH3-GK (PDB: 1KJW) (McGee et al., 2001) 1KJW

Recombinant DNA

Plasmid: pCDF-1b PSD-95 PDZ1 6xHis and mutants (Ser73TAG, Ser78TAG,

Ser93TAG, Ser116TAG, Ser131TAG, Ser142TAG)

This paper N/A

Plasmid: pCDF-1b PSD-95 PDZ1-2 6xHis and mutants (Ser73TAG, Ser78TAG,

Ser93TAG, Ser116TAG, Ser131TAG, Ser142TAG, Ser173TAG, Ser217TAG)

This paper N/A

Plasmid: pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis and mutants (Ser73TAG,

Ser78TAG, Ser116TAG, Ser142TAG, Ser295TAG, Ser425TAG, Ser561TAG)

This paper N/A

Plasmid: Trx 6xHis HRV 3C mouse Stg CT WT 203-323 (Zeng et al., 2019) N/A

Plasmid: GB1 6xHis HRV 3C rat GluN2B WT 1170-1482 This paper N/A

Software and algorithms

Prism GraphPad https://www.graphpad.com/scientific-

software/prism/

ImageJ NIH https://imagej.nih.gov/ij/

MaxQuant software version 1.5.3.30
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead

contact, Dr. Kristian Strømgaard (kristian.stromgaard@sund.ku.dk).

Materials availability

This study did not generate any new unique reagents. Requests for the pKW2 EF-Sep construct should be

directed to the laboratory of Professor Jason Chin.

Data and code availability

d The data reported in this study is available upon request from the lead contact, Dr. Kristian Strømgaard

(kristian.stromgaard@sund.ku.dk).

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

METHOD DETAILS

Plasmid generation

Three different variants of the human PSD-95 protein were used in this study, PSD-95 61-724, PSD-95 PDZ1

and PSD-95 PDZ1-2. All proteins were expressed with a C-terminal poly-histidine tag (6xHis) from a pCDF-

1b vector (Novagen) with spectinomycin resistance and under the control of a T7 lac promoter. The DNA

constructs were verified by DNA sequencing (Eurofins Genomics).

To generate pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis, termed PSD-95, the protein coding sequence of

PSD-95 61-724 6xHis flanked N-terminally by an overhang, NdeI restriction site and a HRV 3C cleavage

site, and C-terminally by an AvrII restriction site and overhang, was purchased (ThermoFisher Scientific).

The recipient vector-construct, pCDF-1b Trx NdeI HRV 3C PSD-95 1-724 6xHis AvrII, which was available

in the laboratory, and the purchased sequence were digested withNdeI and AvrII restriction enzymes over-

night (ON) at 37�C. The recipient vector and protein coding sequence were purified using a NucleoSpin�
Gel and PCR Clean-up kit (Macherey-Nagel) and ligated together with a Rapid DNA ligation kit (Roche) in a

ratio of 50 ng vector to 150 ng DNA to yield pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis.

The pCDF-1b PSD-95 PDZ1 6xHis construct was generated from the previously described pRSET vector

containing the recombinant fragment of PSD-95 PDZ1 flanked N-terminally by a 6xHis (Pedersen et al.,

2017). By polymerase chain reaction (PCR) amplification, the N-terminal 6xHis tag was removed and re-

placed with an NcoI restriction site with primer MVM_034 (Table S1), and a C-terminal 6xHis tag followed

by an AvrII restriction site was inserted with primer MVM_035 (Table S1). The PCR product was purified us-

ing a NucleoSpin�Gel and PCR Clean-up kit (Macherey-Nagel). The purified DNA and the recipient vector

pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis were cleaved during enzymatic digest withNcoI and AvrIION at

37�C, purified and ligated together to generate pCDF-1b PSD-95 PDZ1 6xHis.

To generate pCDF-1b PSD-95 PDZ1-2 6xHis, the protein coding sequence of PSD-95 PDZ1-2 6xHis flanked

N-terminally by an NcoI site and C-terminally by an AvrII site was purchased. The DNA and the recipient

vector pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis were cleaved during enzymatic digest withNcoI and AvrII

ON at 37�C, purified and ligated together to generate pCDF-1b PSD-95 PDZ1-2 6xHis.

Generation of site-mutated serine residues in all constructs were conducted by quick-change PCR followed

by DpnI digest at 37�C for 1.5 hours (hrs) (New England Biolabs). Forward and reverse primers were de-

signed for each mutated serine position to incorporate a TAG codon instead (Table S1).

Constructs containing the protein coding sequences of stargazin and GluN2B for phase separation studies

were generated using standard PCR-based methods, cloned into vector containing an N-terminal Trx-

6xHis- to stargazin and GB1-6xHis- to GluN2B followed by an HRV 3C cutting site. Constructs were

confirmed by DNA sequencing.
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Protein expression incl. double transformation

For the overexpression of all three wild-type (WT) protein variants, E.coli BL21 competent cells (DE3, pLysS,

Invitrogen) were transformed with pCDF-1b Trx HRV 3C PSD-95 61-724 6xHis, pCDF-1b PSD-95 PDZ1 6xHis

and pCDF-1b PSD-95 PDZ1-2 6xHis, respectively, and grown on spectinomycin (100 mg/mL) containing

Luria-Bertani (LB) agar-plates ON at 37�C. Single colonies were used to inoculate 100 mL LBmedia contain-

ing antibiotic and pre-cultures were grown ON at 30�C shaking at 210 rpm. Pre-heated LB-media contain-

ing antibiotic was inoculated with the overnight cultures to reach an optical density (OD) at 600 nm of 0.1,

and expression cultures were grown at 37�C to anOD of 0.4-0.6 before induced with a final concentration of

0.1 mM Isopropyl b-D-1-thiogalactopyranoside (IPTG). PSD-95 was overexpressed for 4 hrs at 30�C, PSD-95

PDZ1 for 4 hrs at 37�C, and PSD-95 PDZ1-2 ON at 18�C. Cells were harvested by centrifugation at 10,000xG,

4�C, 10 min (Sorvall Lynx 6000, Thermo Scientific) and the pellets were stored at �20�C until further use.

For the overexpression of phosphoserine (pSer) variants of all three proteins, E.coli BL21DSerB cells (Addg-

ene #34929) were co-transformed with serine-mutated DNA and the high-copy number pKW2 EF-Sep

plasmid kindly provided by Professor Jason Chin, Cambridge, and previously described in (Rogerson

et al., 2015). Double transformed bacteria were grown on LB agar-plates containing both spectinomycin

(100 mg/mL) and chloramphenicol (25 mg/mL). Overexpression was carried out similarly to overexpression

of WT protein, but protein expression was induced with a final concentration of 0.5 mM IPTG and media

supplemented O-phospho-L-serine (Sigma) to a final concentration of 1 mM.

E.coli BL21 cells transformed with mouse Stargazin_CT (aa 203-323) fused to the C-terminal end of the Trx-

His6-tag or rat GluN2B cytoplasmic tail (aa 1170-1482) fused to the C-terminal end of the GB1-His6-tag

were cultured in LB medium at 37�C till OD600 reached 0.8-1.0. IPTG at 0.25 mM final concentration was

added to induce protein expression. Stargazin_CT was expressed at 37�C for 2-3 hours, and GluN2B frag-

ment was expressed at 16�C for 16-20 hours.

Protein purification

Protein pellets were lysed in ice-cold lysis buffer, either B-PER� Bacterial Protein Extraction Reagent

(ThermoFisher Scientific) or 50 mM sodium phosphate (NaPi), 10 mM MgCl2, pH 7.4, both supplemented

25 mg/mL DNase and cOmplete protase inhibitor tablets (Roche). If lysed in 50 mM NaPi buffer, lysate was

processed in a cell-disrupter apparatus (Constant System Ltd) at 26 kPsi. Hereafter, lysate was spun down

by centrifugation at 30,000xG, 4�C, 30 min, and the pH of the supernatant adjusted to 7.5 prior to filtration

through a 0.45 mM filter. Protein solutions were loaded on pre-equilibrated HisTrap columns (GE Health-

care) using either a peristaltic pump or an AKTA Start system (GE Healthcare), and eluted with imidazole

either isocradically using a peristaltic pump or with a gradient on an AKTA Explorer 100 Air (GE Healthcare)

or AKTA Start System (GE Healthcare).

For the purification of PSD-95 6xHis, affinity purification was carried out in 25 mMHEPES, 150 mMNaCl, pH

8, 2 mMBME supplemented either 25 mM imidazole for binding or 250 mM for elution. The purest fractions

were pooled and imidazole was removed by dialysis at 4�C ON into 25 mM HEPES, 150 mM NaCl, pH 8,

2 mM BME. Hereafter, the Trx solubility tag was cleaved off with HRV 3C protease (ThermoScientific) during

dialysis at 4�C ON into 25 mM HEPES, 10 mM NaCl, pH 8, 2 mM BME before impurities were removed by

anion exchange on a MonoQ column, yielding PSD-95 6xHis. For the purification of PSD-95 pSer561, an

additional step of size-exclusion chromatography (SEC) (HiLoad Superdex 16/600 200 pg column) was car-

ried out in 25 mM HEPES, 500 mM NaCl, pH 7.4.

For the purification of PSD-95 PDZ1 6xHis and PSD-95 PDZ1-2 6xHis, affinity purification was carried out in

50 mM Tris, 150 mMNaCl, pH 7.4, 2 mM BME supplemented either 25 mM imidazole for binding or 250 mM

for elution. The purest fractions were pooled and impurities removed by size-exclusion chromatography

(HiLoad Superdex 16/600 75 pg column) in 50 mM Tris, 150 mM NaCl, pH 7.4, 2 mM BME, yielding PSD-

95 PDZ1 6xHis and PSD-95 PDZ1-2 6xHis.

Before further experiments, purified protein was dialyzed ON at 4�C into 25 mM HEPES, 150 mM NaCl, pH

8, 2 mM BME.

Purification was followed by validating eluted fractions by sodium dodecyl sulfate polyacrylamide gel elec-

trophoresis (SDS-PAGE) and liquid chromatography-mass spectrometry (LC-MS) (see section for
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protein validation), and the purest fractions were pooled and up-concentrated in Amicon-Ultra centrifugal

filters (Sigma-Aldrich).

The final purified protein variants were evaluated by LC-MS and reverse phase ultra-performance liquid

chromatography (RP-UPLC) (see section for protein validation). The protein concentration was determined

using absorbance at l280 nm measured on a NanoDrop 1000 spectrometer (Thermo Fisher Scientific). The

protein yield was calculated based on protein concentration (mg/mL), the end-volume of purified protein,

the purity and the volume of expressed cell culture, resulting in a protein yield in mg/L culture.

Recombinant Trx-His6-Stargazin_CT were freshly purified using a nickel-NTA agarose affinity column fol-

lowed by a size-exclusion chromatography (Superdex 75 from the GE Healthcare) with a column buffer con-

taining 50mMTris, pH 7.8, 300 mMNaCl, 1 mM EDTA, 1 mMDTT. The N-terminal Trx-His6-tag was cleaved

by HRV 3C protease and removed by an additional step of ion exchange chromatography (Recourse S, GE

Healthcare). Finally, a desalting column was used to exchange the protein into the buffer containing 50mM

Tris pH 7.8, 100 mM NaCl, 1 mM EDTA, 1 mM DTT.

GB1-His6-GluN2B(1170-1482) was purified with nickel-NTA agarose affinity column followed by size-exclu-

sion chromatography using Superdex 200 (GE Healthcare) in a buffer containing 50mM Tris pH 7.8, 300mM

NaCl, 1 mM EDTA, 1 mMDTT. The GB1-His6-tag was cleaved by HRV 3C protease and removed by another

step of Superdex 200 size-exclusion chromatography using the same column buffer.

Protein validation: LC-MS and UPLC

Protein concentrations were measured on a Nanodrop 1000 (Thermo Fisher Scientific) and all mass deter-

minations were conducted on an electron spray ionization (ESI) liquid chromatography mass spectrometer

(LC-MS) coupled to an Agilent 6410 triple quadrupole with two reverse phase C18 columns (Zorbax Eclipse

XBD-C18, 4.63 50 mm) and (Agilent, Poroshell, 300SB-C18, 2.13 75 mm) for peptide and proteins respec-

tively, using a binary buffer system consisting of H2O, Acetonitril (MeCN) and formic acid (buffer A: 95:5:0.1;

buffer B: 5:95:0.1) at 0.75 mL/min. LC-MS samples were analyzed using the Agilent MassHunter version

B.01.03 software. An analytical RP-UPLC (Waters Acquity) system with a reverse phase C18 column for pep-

tides (Acquity UPLC BEH C18, 1.7 mm 2.1 3 50 mm) and C8 column for proteins (Acquity UPLC BEH C8,

1.7 mM 2.1 3 50 mm) using a binary buffer system consisting of H2O, MeCN, trifluoroacetic acid (TFA)

(buffer A: 95:5:0.1; buffer B: 5:95:0.1) was used to determine peptide and protein purity at 214 nm.

All samples for LC-MS and UPLC were diluted in buffer A (H2O, MeCN, TFA (95:5:0.1)) and a maximum of

2 mg protein was loaded.

LC-MS/MS

Sample preparation. For the identification of site-specific serine phosphorylations, approximately 50 mg

of protein in 50 mM NaPi pH 8 was subjected to sample preparation for LC-MS/MS analysis. Prior to

reduction, PDZ1 pSer142 was denatured in 8M/2M Urea/Thiourea as the only sample. Hereafter, protein

disulphides were reduced with 1 mM dithiothreitol (DTT) and free cysteine thiols alkylated with 5.5 mM

chloroacetamide (CAA) for 60 min at room temperature (RT). Protein was pre-digested with 1 mg LysC

per 100 mg protein for 3-4 hrs shaking at RT, LysC cleaving on the carboxyl side of lysine residues. Protein

solutions were diluted in 50 mM ammonium bicarbonate (ABC) pH 8 and depending on the specific phos-

phorylation site, the protein solutions were either incubated ON at RT shaking with trypsin, cleaving on the

carboxyl side of arginine and lysine residues, or LysC, using 1 mg enzyme per 100 mg protein of both en-

zymes. Hereafter, peptides were acidified to pH 2.5 with trifluoroacetic acid (TFA) and spun down for

50 min at 4700 rpm. Peptides were loaded onto StageTips, 4xC18 microcolumns (Empore Disk C18)

(Rappsilber et al., 2003). The C18 StageTips were activated, washed and equilibrated in methanol, 80%

acetonitrile in 0.1% formic acid (FA) and 0.1% FA, respectively, before peptide loading. After peptide

loading, the StageTips were washed in 0.1% FA, spun dry and peptides directly eluted in 40% acetonitrile

in 0.1% FA. Acetonitrile was evaporated by vacuum centrifugation and peptides dissolved in 13 mL 0.1% FA

and diluted 1:500 before mass spectrometric analysis.

Mass spectrometry analysis. Samples were analyzed using an EASY-nLC 1200 UHPLC system (Thermo

Fisher Scientific) coupled to a Q Exactive HF-X mass spectrometer (Thermo Fisher Scientific). Separation of

peptides was performed on a 15 cm analytical column with an inner diameter of 75 mm, packed in-house
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using ReproSil-Pur 120 C18-AQ 1.9 mm beads (Dr. Maisch). The analytical column was heated to 40�C, and
elution of peptides from the column was achieved by application of gradients with Buffer A (0.1% formic

acid) and increasing amounts of Buffer B (80 % acetonitrile in 0.1% formic acid) at a flow rate of 250 nL/min.

The primary gradient ranged from 5% Buffer B to 45% Buffer B over 30 min. followed by a wash block and

equilibration. Electrospray ionization was achieved using a Nanospray Flex Ion Source (Thermo Fisher Sci-

entific). Spray voltage was set to 2 kV, capillary temperature to 275�C, and RF level to 40%. Full scans were

performed at a resolution of 60,000, a maximum injection time of 45 ms, with a scan range of 300 to

1,750 m/z, and an automatic gain control (AGC) target of 3 3 106 charges. Precursors were isolated with

a width of 1.3m/z, with an AGC target of 2 3 105 charges, and precursor fragmentation was accomplished

using higher-energy collisional dissociation (HCD), with normalized collision energy of 28. Fragment scans

were performed at a resolution of 60,000, a maximum injection time of 120 ms, a loop count of 7, and a scan

range of 200 to 2,000 m/z. Selected precursors were excluded from repeated sequencing by setting a dy-

namic exclusion of 30 s.

Data analysis. All RAW files were analyzed using MaxQuant software (version 1.5.3.30). Default settings

were used except as outlined below. For generation of the theoretical spectral library, a HUMAN.fasta

database was extracted from UniProt on the 24th of May, 2019. N-terminal acetylation, methionine oxida-

tion, and phosphorylation (S, T, and Y) were set as variable modifications, and cysteine carbamidomethy-

lation as a fixed modification. A maximum allowance of 5 variable modifications per peptide was used, and

up to 5 missed cleavages was allowed. Mass tolerance for precursors was set to 20 ppm in the first MS/MS

search and 4.5 ppm in the main MS/MS search after mass recalibration. For fragment masses, a tolerance of

20 ppm was used. Data was automatically filtered to achieve a false discovery rate of 1% (default) at the

peptide-spectrum match, the protein assignment, and the site-specific level. The evidence file from

MaxQuant was filtered, and sorted based on raw-files and modified sequence, to only include identifica-

tions with MULTI-MSMS, a localization probability >0.99, a Score >100, and a Delta score >100 (Data

S1). The intensities and scores for the identifications presented in Table 1 were summed and averaged,

respectively.

Circular dichroism

Circular dichroism (CD) experiments were made on a Jasco J-1500 spectrophotometer with a peltier

controlled temperature. Prior to CD measurements, proteins were dialyzed ON at 4�C into 50 mM NaPi,

pH 7.4. The CD spectrums were measured on protein samples with concentrations of 15 mM, 10 mM or

1 mM for PSD-95 PDZ1, PSD-95 PDZ1-2 and PSD-95, respectively. Three accumulated scans were acquired

for far-UV spectrum at 260-190 nm at 25�C, and 95�Cdirectly followed by a 25�C scan to assess the refolding

of the protein, and at 25�C in 6 M urea. Spectra for thermal denaturation were recorded at 260-190 nm from

20-95�C with 5�C intervals. All recorded CD data was obtained in millidegrees and converted to the molar

ellipticity constant [q], deg ∙ cm2/dmol. The unit was converted based on the mean residual weight, path-

length and protein concentration. The data was analyzed using GraphPad Prism.

Peptide synthesis

Manual peptide synthesis. Unless otherwise stated, amino acids and reagents were purchased from

either Iris Biotech or Sigma Aldrich. Peptides were synthesized by SPPS using a 9-fluorenylmethyloxycar-

bonyl (Fmoc)-strategy at 0.1 mmol scale. Pre-loaded ChemMatrix resins (Sigma Aldrich) were

used. Standard coupling reactions were achieved with 1:4:4:8 [resin: N-protected amino acid (AA): 2-(1-

benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU), N,N-diisopropylethylamine

(DIPEA)] or 1:4:4:8 [resin: AA: 1-(bis(dimethylamino)methylene]-1H-1,2,3-triazolo(4,5-b)pyridinium 3-oxid

hexafluorophosphate (HATU): collidine]. Coupling reactions were agitated at room temperature (RT)

and monitored using a Kaiser test kit (Sigma Aldrich). De-protections were carried out with 20% piperidine

(2 3 2 min). After coupling or de-protection steps the resin was extensively washed with dimethylforma-

mide (DMF).

Automated peptide synthesis. Automated peptide synthesis using Fmoc-based SPPS was carried out

on a Prelude X, induction heating assisted, peptide synthesizer (Gyros Protein Technologies, Tucson, AZ,

USA) with 10 mL glass reaction vessel using preloaded Wang-resins (100–200 mesh). Reagents were

prepared as solutions in DMF: Fmoc-protected AA (0.2 M), O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tet-

ramethyluronium hexafluorophosphate (HCTU, 0.5 M), and DIPEA (1.0 M). Sequence elongation

was achieved using the following protocol: deprotection (2 3 2 min, rt, 300 rpm shaking) and coupling
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(23 5min, 75�C, 300 rpm shaking, for Arg and His couplings 23 5min, 50�C, 300 rpm shaking). Amino acids

were double coupled using amino acid/HCTU/DIPEA (ratio 1:1.25:2.5) in 5-fold excess over the resin

loading to ensure efficient peptide elongation.

TAMRA coupling. N-terminal labelling of peptides with 5-(and-6)-carboxytetramethylrhodamine

(TAMRA, Anaspec Inc.) was performed on resin, by coupling TAMRA for 16 h at rt using a mixture in

NMP of TAMRA:benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate (PyBOP):DIPEA

(1.5:1.5:3) (Witte et al., 2013). To avoid photo bleaching of the fluorophore, the reaction vessel was covered

and the coupling finalized with extensive resin washes with DMF and DCM.

Cleavage and purification. Peptides were cleaved from the resin using a mixture of 95:2.5:2.5 (trifluoro-

acetic acid (TFA), H2O and triisopropylsilane (TIPS)) for 2 hours at RT. After cleavage the peptides were

precipitated in ice-cold diethyl ether. The precipitate was centrifuged 4350 rpm, 10 min, 4�C, washed
with cold diethyl ether and the centrifugation step was repeated. The resulting peptide precipitate was dis-

solved in 50:50:0.1 (MeCN, H2O, TFA), filtered and lyophilized. All peptides were purified to >95% purity

using a preparative RP-HPLC system with a reverse phase C18 column. A linear gradient from 0-40% using

a binary buffer system of H2O, MeCN, TFA (buffer A: 95:5:0.1; buffer B: 5:95:0.1) at 20 mL/min was used. The

purity of the collected fractions was measured at 214 nm on RP-UPLC at 0.45 mL/min and the final peptide

products were lyophilized. The final products were further verified on LC-MS and the peptides diluted in

62.5 mM Tris-HCl pH 8 in and stored at 20�C.

Fluorescence polarization

The fluorescence polarization (FP) assays were generally performed as previously described (Pedersen

et al., 2017). In brief, binding affinities were measured using a Tecan Safire2 Microplate reader (Tecan) in

flat bottom black 384-well plates (Corning Life Science) at 25�C. The assays were conducted in 25 mM

HEPES, 150 mM NaCl, pH 8, 1 mM TCEP. The TAMRA-labeled probes were measured at excitation/emis-

sion at 530/585 nm and the probe concentration was 200 nM in all FP experiments with C-terminal peptide

ligands and 10 nM for AVLX-144. Prior to each measurement the instrumental Z-factor was adjusted to

maximum fluorescence and the G-factor was calibrated to give an initial millipolarization (mP) at 20 in

the probe reference well. For each binding setup, measurements were repeated 3 times. The obtained

saturation curve was subtracted from the background and fitted to a one-sided bindingmodel in GraphPad

Prism.

Phase transition sedimentation and imaging assay

Proteins were generally prepared as previously described (Zeng et al., 2018a). Proteins were prepared in

buffer containing 50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA, and 2 mM DTT and pre-cleared via

high-speed centrifugations. Proteins were then mixed or diluted with buffer to designed combinations

and concentrations. For sedimentation assay, typically, the final volume of each reaction is 100 mL. After

10 min equilibrium at room temperature, protein samples were subjected to sedimentation at 16,873 g

for 10 min at 25�C on a table-top temperature-controlled micro-centrifuge.

After centrifugation, the supernatant and pellet were immediately separated into two tubes. The pellet

fraction was thoroughly re-suspended with the same buffer to the equal volume as supernatant fraction

(typically, to 100 mL). Proteins from both fractions were analyzed by SDS-PAGE with Coomassie blue stain-

ing. Band intensities were quantified using the ImageJ software. For imaging assay, protein samples were

injected into a homemade flow chamber (comprised of a glass slide sandwiched by a coverslip with one

layer of double-sided tape as a spacer) for DIC and fluorescent imaging (Nikon Ni-U upright fluorescence

microscope) at room temperature. Glasses were washed by Hellmanex II (Hëlma Analytics) and 2 M NaOH

sequentially and thoroughly rinsed with MilliQ H2O before chamber making. During imaging, the chamber

was sealed by nail polish to reduce solution evaporation. Image fluorescence intensities were analyzed by

the ImageJ software.

Isothermal titration calorimetry (ITC) assay

ITC measurements were carried out on a Microcal VP-ITC calorimeter at 25�C. Proteins used for ITC mea-

surements were dissolved in an assay buffer composed of 50 mM Tris, pH 8.2, 100 mM NaCl, 1 mM EDTA,

and 2 mM DTT. High concentration of protein was loaded into the syringe and titrated into the cell
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containing low concentration of corresponding interactors (concentrations for each reaction were indi-

cated in the figure legends). For each titration point, a 10 mL aliquot of a protein sample in the syringe

was injected into the interacting protein in the cell at a time interval of 2 min. Titration data were analyzed

using the Origin7.0 software and fitted with the one-site binding model.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data management and statistical analysis were performed using Excel (Microsoft, Redmond, WA) and

GraphPad Prism 8 software (GraphPad Software, San Diego, CA).
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